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moisture from outside the TC system. Very recently, Kudo et al. (2014) pointed out that typhoons have the ability to accumulate large amounts of moisture from remote tropical oceans as a result of the interaction of their Rossby wave response with the background flow. In the case of a typical typhoon (Man-yi, July 2007) that approached Japan, it was found that the total precipitable water around the typhoon center is maintained by the moisture supply from remote oceans rather than from the underlying ocean. They (Kudo et al. 2014 ) named this type of large-scale moisture transport from the tropics into the vicinity of the typhoon center the "moisture conveyor belt (MCB) ." This MCB might, in turn, facilitate development and maintenance of the typhoon itself. If this working hypothesis is correct, the distribution of sea surface temperature (SST) over remote tropical oceans, combined with the distribution of SST in underlying waters, will play a significant role in regulating typhoon intensity.
To clarify this issue, we performed SST sensitivity experiments in the context of typhoon Man-yi (2007) using an Advanced Research Weather Research and Forecasting (WRF-ARW) model with a nesting technique. The present study specifically focuses on the possible remote effect of Indian Ocean and South China Sea SST anomalies on the intensity and track of the typhoon that approached Japan.
Experimental design
Typhoon Man-yi formed as a tropical depression in the western North Pacific Ocean on July 8, 2007. The storm gradually built in power to typhoon status on July 10 and approached western Japan via Okinawa Island, which remotely reinforced the Baiu/Meiyu frontal zone and caused heavy rainfall over Japan . According to the Japan Meteorological Agency, the lowest minimum sea level pressure (SLP) recorded during this event was 930 hPa. We focus on the period from 0000 UTC on July 9 to 1800 UTC on July 14, 2007 covering the early, developing, mature, and decaying stages of the typhoon.
The simulations are performed using the WRF-ARW model, version 3.5, which was developed by the National Center for Atmospheric Research (NCAR) (Skamarock and Weisman 2009) . The model serves a wide range of meteorological applications across scales ranging from meters to thousands of kilometers in both atmospheric research and operational forecasting. It uses the Euler equations for non-hydrostatic compressible flow, terrain-following hydrostatic pressure, and an Arakawa-C type horizontal grid (Skamarock et al. 2008) . The simulation experiments use the National Centers for Environmental PredictionsFinal (NCEP-FNL) reanalysis data set. The NCEP 6-hour FNL data available at 1° × 1° resolution are used for initial and boundary conditions. The model initiation time was July 9, 0000 UTC. The model domain is the Asian summer monsoon region and the Northwestern Pacific sector (10°S to 35°N and 64°E to 175°E) , and the details of model configurations are given in Table 1 . The best-track data observations (OBS) are from the Japan Meteorological Agency, Regional Specialized Meteorological Center of TokyoTyphoon Center.
In the present study, the SST over the Indian Ocean (10°S-26°N and 64°E-105°E) has been modified by adding (warming) and subtracting (cooling) 1, 2, and 3 °C to the original SST. The names of the experiments are CNTL (control run), CS1, CS2, CS3, WS1, WS2, and WS3. The Indian Ocean SST is decreased by 1 °C in the CS1 sensitivity simulation, by 2 °C in CS2, and by 3 °C in CS3. In warm SST experiments, the Indian Ocean SST is increased by 1, 2, and 3 °C for WS1, WS2, and WS3, respectively (Fig. 3) .
The linear equation SST mod (x) = SST org (x) + f(x) is applied to modify the SST of the Indian Ocean (Kain and Fritsch 1993; Li 2013) Surface processes Noah scheme Noah scheme Radiation Dudhia scheme for shortwave radiation. RRTM scheme (Mlawer et al. 1997 ) for longwave radiation Dudhia scheme for shortwave radiation. RRTM scheme (Mlawer et al. 1997) , and λ equals 5, a constant scale width (longitude) of the hyper tangent function. The South China Sea SST is also modified according to the above hyper tangent equation, and is shown in Fig. 3 .
Results from experiments without nesting
Although our main aim is not to produce a comparative study, we have examined trends for intensity and track obtained from the CNTL experiment with respect to OBS. The simulated intensities obtained from experiments with and without nesting followed similar trends. Excepting the further intensification of the typhoon in the simulation with nesting after 0000 UTC on July 13, simulations and observations (OBS) compare well (Fig. 1) . The simulated track experiments with and without nesting followed a similar trend, with a displacement difference of around 50 km during the integration as compared to OBS (Fig. 2) . Figure 3 shows the spatial patterns of SST, SLP, and vertically integrated moisture flux (VIMF) time-averaged over the early and developing stages of the typhoon from 0000 UTC on July 9 to 1800 UTC on This low SLP area is also quite similar in the different experiments, suggesting that a significant influence by the Indian Ocean and South China Sea SST changes can be hardly seen in the behavior of the typhoon during its early phase. What we would like to emphasize here is that remote SST plays only a little role in the formation and in the early stage of this tropical cyclone. Figure 4 shows time evolutions of the difference in the central pressure of typhoon Man-yi in cool and warm SST experiments with respect to the CNTL run. Some differences in intensity may arise between CNTL and the six SST runs during the developing phase of the typhoon, but Each line is plotted by 6-hourly pressure values from 0000 UTC on July 9 to 1800 UTC on 14 July. The vertical green lines are classifications of early, developing, mature, and decay phases of the typhoon based on OBS there are few systematic differences between the six SST experiments during that period, which confirms that Indian Ocean and South China Sea SST changes do not significantly affect the intensity of the typhoon at its early stage. However, this is not the case following the mature phase (July 11, 1800 UTC) of the typhoon. Its intensity tends to become weak/strong during the mature stage in warm/ cool SST experiments compared with the CNTL run. The CS3 run has reduced the central pressure by approximately 8 hPa compared to the CNTL run, whereas the warm WS3 and WS2 runs failed to simulate the sharp drop in central pressure as the typhoon enters its mature stage. The reduction (enhancement) in central pressure obtained in sensitivity experiments compared to the CNTL run clearly indicates that the intensity of the cyclone increases (decreases) when cool (warm) SST conditions prevail over the Indian Ocean and South China Sea. On July 14, the typhoon decays and then transforms into an extratropical cyclone. During the decay phase (starting on July 14, 0000 UTC), the cool SST runs are different from the CNTL but not so much as the warm SST runs.
Changes in background circulation states

Intensity and track of the simulated typhoon
The simulated typhoon tracks for CS1, CS2, CS3, WS1, WS2, and WS3 are shown in Fig. 5 from July 11 2007, 1800 UTC to July 14, 1800 UTC (following the mature stage of the typhoon). It suggests that the warm SST runs (open circles in WS2 and WS3) produce an early intensification of typhoon system compared to the cool SST runs (closed circles). The simulated tracks of the typhoon are shifted westward for the cool SST runs, whereas in the warm SST runs its tracks shift toward Kyushu Island (approximately 31°N to 34°N and 129.5°E to 132°E). During the decaying phase (weak intensity), simulated tracks of all the typhoons are positioned toward the southeastern side of Kyushu Island, Japan.
As already indicated in Fig. 3 , changes in background circulation due to changes in SST are limited to the Indian Ocean and South China Sea regions during the early developing stage of the typhoon. However, it should be noted that during the mature phase, the intensities and tracks of typhoons are systematically influenced by Indian Ocean and South China Sea SST changes. This will be discussed further. Figure 6 illustrates the spatial patterns and magnitudes of SLP and VIMF for CNTL at 0000 and 1200 UTC on July 10, 11 and 12. It is noteworthy that the MCB is a narrow band of high VIMF (Kudo et al. 2014 ). The moisture supply through the MCB is not yet organized at 0000 or 1200 UTC on July 10 (early stage of the typhoon), but after 0000 UTC on July 11 there is a continuous supply of moisture transported from the Indian Ocean and the South China Sea toward the typhoon. About 1 day after the establishment of the MCB, significant differences in typhoon intensity become evident between the six SST experiments, as shown in Fig. 4 . Figure 7 is analogous to Fig. 6 but showing the results for warm and cool SST-sensitive experiments at 1200 UTC on July 12, to clarify the difference in MCB between them. In cool SST experiments (CS1, CS2, and CS3), the MCB is well organized from the Indian Ocean and South China Sea to the vicinity of the typhoon center, which fuels the typhoon over the western North Pacific Ocean. This means that the MCB plays a vital role in transporting a large amount of moisture from remote tropical oceans. In contrast, the warm SST experiments yield a weakening of the MCB over the South China Sea region. Particularly in WS2 and WS3, the MCB is clearly interrupted over that region and separated into two branches over the Indian Ocean and western North Pacific Ocean. This separation leads to the significant reduction in large-scale moisture transport from the Indian Ocean and South China Sea regions into the vicinity of the typhoon center. On the other hand, the warm SST anomalies over the Indian Ocean favor the deepening of the monsoon trough along with strong convection (e.g., Wang et al. 2001; Wu and Wang 2001) . The ocean is the major supplier of moisture for the Indian monsoon region and warm ocean conditions can also lead to an early onset and an intensification of summer monsoons (e.g., It appears that the significant change in monsoon circulation over the Indian Ocean caused by the warm SST anomalies gives rise to the separation of the MCB.
Moisture transportation through the MCB
The simulated spatial distributions of surface latent heat flux and 925 hPa wind vector over the South China Sea and Philippine Sea at 1200 UTC on July 12 for warm and cool SST experiments are represented in Fig. 8 . Compared with the warm SST experiments, areas of enhanced latent heat flux with strong near-surface winds expand from the vicinity of the typhoon center into the South China Sea region in CS1, CS2, and CS3, which suggests that moisture from remote waters intrudes into the typhoon center through the MCB. In contrast, attenuated winds can be seen along the MCB in WS1, WS2, and WS3, resulting in decreased moisture supply from the ocean. Both lower moisture supply from the ocean and an ill-organized MCB (Fig. 7) contribute to less moisture being transported into the typhoon system from remote tropical oceans. Consequently, it appears that such significant changes suppress the development of the typhoon itself. In fact, the typhoon intensity at WS1, WS2, and WS3 is obviously weak during the mature phase compared to that of CNTL, as shown in Fig. 4 . Reverse situations are the case for CS1, CS2, and CS3. The welldefined MCB and associated enhanced moisture supply from the ocean are quite consistent with the deepening central pressure of the typhoon.
Results from nesting experiments
Although the 20 km resolution model simulations reasonably reproduce the observed TC intensity and track (Figs. 1,  2 ), many studies (e.g., Oouchi et al. 2006; Murakami et al. 2012; Srinivas et al. 2013; Strachan et al. 2013) showed the importance of using high-resolution models to capture the observed intensities and tracks of intense TCs. One might argue that the low-resolution simulation results presented in the previous section are less robust on the grounds that the basic structures around the typhoon center, such as the eye wall, are not well reproduced. To confirm that our findings depend little on the spatial resolution of the model used, we have simulated the typhoon Man-yi using a twoway interactive moving nest technique with two domains. Fig. 6 Spatial patterns of SLP (contours), VIMF (green vectors), and its magnitude (shaded) for the CNTL experiment at 0000 and 1200 UTC on July 10, 0000 and 1200 UTC on July 11, 0000 and 1200 UTC on July 12. The contoured interval is 5 hPa. The reference arrow is 6000 kg m −1 s −1 . Fluxes of less than 700 kg m −1 s −1 have been suppressed
The technical information concerning compiling, running and the explanations of the moving nest are available at http://www2.mmm.ucar.edu/wrf/users/docs/user_guide_ V3/users_guide_chap5.htm. The mother domain (10°S to 35°N and 64°E to 175°E) is of 20 km resolution, and the nested domain configuration details are given in Table 1 . The domain of the moving nest is shown with a green color in Fig. 2 at 1800 UTC on July 12. Figure 9 is analogous to Fig. 4 , the difference being that it illustrates the results using the nesting technique. Here also (as in Fig. 4) , we can see the difference in warm and cool SST experiments as compared to CNTL. The simulated typhoon intensities are stronger in the cool SST experiments (except CS2) than in the warm SST experiments (except WS1). At the decay phase (0000 UTC on July 14), there is little difference between the CNTL and cool SST runs, although the warm SST runs (except WS1) are still different from those of CNTL. Comparing with the results in Fig. 4 , we obtained similar developments in the sense that systematic differences in the central pressure of the typhoon become evident between the SST runs after the typhoon reaches its mature stage. However, it appears that CS2 and WS1 do not show such a systematic tendency, which will be discussed later. Figure 10 is analogous to Fig. 5 except for nesting sensitive experiments. The peaks of simulated intensities are much delayed in warm SST experiments (WS1, WS2, and WS3) and a little early in the case of CS1, CS2, and CS3. As in Fig. 5 , here too the tracks associated with cool SSTs (CS3, CS2, and CS1) are shifted westward, and the ones associated with warm SSTs (WS3, WS2, and WS1) shift on the eastern side of Kyushu Island. The tracks of all the simulated typhoons are toward the southeastern side of Kyushu Island during the decay phase (weak intensity). These features are quite consistent with the low-resolution experiments conducted without applying the nesting technique. Figure 11 is analogous to Fig. 7 , except that the results are obtained applying the nesting technique at 1800 UTC on July 12. During this time step, the difference is much clearer compared than for other time steps. The perfect channeling of moisture through the MCB in CS1, CS2, and CS3 toward the typhoon center confirms the strong intensity during the mature phase. In contrast, we can see that the MCB is clearly interrupted over the South China Sea, Fig. 7 Same as Fig. 6 but for WS3 to CS3 sensitivity experiments at 1200 UTC on July 12, 2007 during the mature phase of the typhoon especially in WS2 and WS3. These characteristics are very similar to those of results presented in Fig. 7 , suggesting that there are little differences between background circulation states resulting from experiments where the nesting technique is implemented or not. We also analyzed the spatial distributions of surface latent heat flux and 925-hPa wind vector over the South China Sea and Philippine Sea for warm and cool SST runs derived from the two-way nesting and confirmed that the obtained patterns (not shown) quite resemble those of Fig. 8 .
The magnitude of 850 hPa wind and SLP in the vicinity of the typhoon center at 1800 UTC on July 12 is presented in Fig. 12 . A common feature is that areas of extremely strong wind are located to the east of the typhoon center, and the eye is surrounded by strong winds. Such a ringshaped feature in the vicinity of the eye tends to be more Fig. 4 but from a high-resolution nested simulation obvious in the cool SST experiments than in the warm ones. As already represented in Fig. 9 , the central pressure of the typhoon in WS1 and CS2 differed from those simulated by the low-resolution model for which no nesting technique was applied. Comparing between WS1 and CS2 in Fig. 12 in terms of the typhoon eye structure, however, it seems that its structure in CS2 is more robust than that in WS1. This suggests that WS1 and CS2 in the highresolution simulation do not necessarily indicate different features from those of the low-resolution simulation.
More detailed structures of the typhoon system, the spatial patterns of the vertically integrated diabatic heating rate and horizontal divergence/convergence of moisture at 1800 UTC on July 12 for warm and cool SST experiments are presented in Fig. 13 . It is evident that pronounced diabatic heating areas such as the eye wall and outer rainbands coincide well with those characterized by strong moisture flux convergence, suggesting that latent heat release constitutes a large part of the diabatic heating. The circular eye wall diabatic heating with condensation growth around the Fig. 7 but at 1800 UTC on July 12 from a high-resolution nested simulation typhoon center is more visible in the cool SST experiments but less clear in the warm ones (half-circle eye wall diabatic heating). Since the axisymmetric structure around the typhoon center generally predominates during its mature stage, it is conceivable that the prominence of such axisymmetry indicates a measure of the typhoon intensity. In fact, the axisymmetric structure is more obvious in the cool SST experiments. On the other hand, the typhoon, especially at WS2 and WS3, is characterized by the east-west asymmetric structure of the diabatic heating distribution. The remarkable change from axisymmetric to asymmetric structure corresponds to a weakening of the typhoon, which is also consistent with the typhoon intensity shown in Fig. 9 . The above results using the nesting technique strongly suggest the robustness of the low-resolution simulation results. We can then conclude that the typhoon intensity and track highlighted in this study are systematically influenced by cool and warm SST anomalies over the Indian Ocean and South China Sea, following its peak phase, in association with the presence and absence of the MCB.
Discussion
This study shows that SST changes in the Indian Ocean and South China Sea significantly affected the intensity and track of typhoon Man-yi (July 2007) that approached Japan. Although SST changes in the Indian Ocean and South China Sea exert an influence on the intensification of the South Asian summer monsoon trough, its influence cannot extend into the background circulation field of the typhoon over the western North Pacific Ocean region. Despite this limitation, one may wonder why the intensity and track of the typhoon are systematically affected during its mature phase. Kudo et al. (2014) showed that a Rossby wave response to typhoon heating led to the intrusion of . The contoured interval for SLP is 10 hPa. The results are presented from a high-resolution nested simulation lower tropospheric anomalous cyclonic circulation into the Bay of Bengal, eventually forming an MCB through the interaction with the background westerly flow. Even though the dispersive westward propagation of equatorial Rossby waves occurs, the MCB cannot be formed efficiently without the dominance of low-level monsoon westerlies over the South China Sea during boreal summer. The warm SST runs feature the deepening of the monsoon trough over the Indian subcontinent and the Bay of Bengal but an attenuated VIMF over the South China Sea region (Fig. 3) . Large amounts of moisture are trapped in large-scale cyclonic circulation over the Indian subcontinent and the Bay of Bengal in warm SST simulations, which may lead to a strong monsoon over those regions. As a result, the MCB, which serves as a bridge between the Indian Ocean and the western North Pacific, is less structured in the warm SST experiments, whereas the reverse is true for the cool SST experiments (Figs. 7, 11 ). Once the MCB is established, large amounts of moisture can be transported into the vicinity of the typhoon center from the Indian Ocean and South China Sea regions, thereby contributing to intensification of the typhoon. Since the moisture supply from the ocean is enhanced along the MCB (Fig. 8) , it can also facilitate moisture import into the typhoon system. According to Kudo et al. (2014) , the substantial contribution of the moisture supply from remote tropical oceans to the total precipitable water around the center of typhoon Man-yi increased as it approached Japan.
Since the MCB is well structured as the typhoon develops (Fig. 6) , the influence of large-scale moisture transport into the typhoon center through the MCB on its intensity is supposed to become significant at the later stage of the typhoon. In fact, the change in simulated typhoon intensity observed in different SST runs becomes evident as the typhoon approaches Japan. As the typhoon develops, a beta effect (beta drift) is expected to be predominant. Since a ). The results are presented from a high-resolution nested simulation beta effect makes the typhoon migrate westward (Holland 1983) , it is suggested that the beta effect is responsible for the westward/eastward shift of the typhoon track observed in cool/warm SST experiments, as shown in Figs. 5 and 10.
The case study of typhoon Man-yi shows the important role of Indian Ocean and South China Sea SSTs in defining typhoon intensity and track. Accordingly, in order to gain a proper understanding of typhoon development, we need to acknowledge that typhoons have the ability to accumulate large amounts of moisture from remote tropical oceans via the MCB. Our findings contribute to improvements in typhoon forecasting, particularly typhoon intensity and track over the western North Pacific Ocean during boreal summer. To increase the reliability of the results, we have begun conducting simulations with respect to other typhoons that have similar tracks, such as typhoon Halong (2002) . To clarify the influence of the seasonal features of the background circulation field, we intend to conduct simulations of similar typhoons that occurred in the month of September or October, when the monsoon westerlies over South China Sea retreat.
